Specifications for the use of these fluids vary, and a thorough understanding of their effect on pile shaft resistance has not yet been developed. This paper presents the results of a set of concrete-sand interface shear tests carried out using both polymer and bentonite support fluids, with water as a reference fluid. It was found that polymer fluids had little effect on the interface shear strength when compared with water. Furthermore, in contrast to the results of earlier studies, concrete curing time was found to have little effect on the results. However, when bentonite slurry was used, the interface shear strength was found to decrease approximately linearly with the square root of the filtration time, until the strength of the pure filter cake was reached. This was due to the development of a bentonite filter cake at the interface so that only aggregate protruding through the filter cake made contact with the sand. It was found that the full concrete-sand shearing resistance could be mobilised when the concrete-sand contact area was greater than about 50% of the total area.
INTRODUCTION
Bentonite support fluids have been used for the construction of diaphragm walls and bored piles since the pioneering work of Veder (1953) . It is now known that in permeable soils such as sand and gravel, the stabilising mechanism involves the formation of a filter cake on the side walls. Cake formation may be assisted by rheological blockingthat is, penetration of the slurry into the ground until the gel strength of the slurry acting over the penetrated area of soil particles is sufficient to prevent further slurry penetration. The bentonite filter cake is of relatively low permeability, so it reduces fluid loss into the ground and provides a membrane against which the hydrostatic pressure of the slurry can act, so stabilising the excavation (Nash, 1974) . The formation of a filter cake is necessary for a stable excavation with bentonite slurry in permeable soils. However, for friction piles and barrettes, the filter cake creates an undesirable layer of soft interface material between concrete and soil, and can reduce the interfacial resistance. Fig. 1 shows a diaphragm wall panel constructed at a site in London, with the top few metres of the wall surface exposed. A layer of filter cake with adhering soil can be seen on the wall surface below the level of the guide wall.
Although many studies have been carried out to investigate the effect of bentonite filter cake on interface resistance, a definitive understanding has not yet been developed, and unsatisfactory pile performance continues to be reported. For example, Randolph (2003) described load test results of two bored piles constructed using bentonite fluids in Vietnam. The shaft resistance of the first test pile was below expectation, so several modifications were made to the construction procedure for the second pile, including: (a) steps to reduce the delay between excavation and concreting; (b) a reduction in the head of bentonite above river level; (c) mechanical scarifying of the side wall prior to casting the pile. These measures were all aimed at reducing the thickness of the filter cake and were reported to have led to an improvement of about 30% in the shaft resistance. This case history poses questions as to whether such steps are also necessary for other projects, and if not, whether current specifications are already adequate for minimising the weakening effect of bentonite filter cake at the concrete-soil interface.
The current UK specification (Institution of Civil Engineers, 2007) requires that, for the construction of bored piles, concrete should be placed within 12 h of the start of the excavation. In the USA, there can also be a time requirement, but it is slightly differently specified. For example, Brown et al. (2010) recommend that the time during which the bentonite fluid is left undisturbed in a pile bore should be less than 4 h. However, no such time restriction can be found in the foundation manuals of countries such as Canada and Hong Kong (Canadian Geotechnical Society, 2006; Geotechnical Engineering Office, 2006) . The discrepancies between these requirements, or the lack of them, indicates that further work is needed to quantify the effect of fluid support time for better quality control.
This paper presents the results of a laboratory investigation into the effect of support fluids on the interface shear strength between sand and cast in situ concrete. A review of the relevant literature is first given, followed by a description of the equipment used and the test results. Both bentonite and polymer fluids were included in the test programme, with water as the control fluid. The main effects of interest were those of support fluid filtration time, concrete surface roughness and concrete curing period.
shear strength. Table 1 summarises the key results and the experimental techniques used. A brief critical review of these studies is given below.
At the outset it can be stated that almost all previous studies on the effects of bentonite slurry report a reduction in the interface shear strength compared with that for concrete in contact with a clean soil. However, the magnitude of the reported effect differs significantly. For example, Henry et al. (1998) reported that the interface strength of their specimens reduced to the strength of pure filter cakes after 6 h of filtration, but Cernak et al. (1973) found a similar effect only after 168 h. The time-dependence of strength reduction is also unclear. For example, Cernak et al. (1973) and Hu et al. (2006) found that increasing the filtration time led to lower interface strength, but Majano et al. (1994) reported a V-shaped variation of strength with time (reduction followed by increase). Similarly, publications on the effects of polymer fluids report outcomes ranging from a noticeable reduction (Tawfiq & Broughton, 1996; Shakir & Zhu, 2010) to a significant improvement (Hu, 2003; Hu et al., 2006) . These results do not provide a consistent baseline from which to establish and predict the effects of excavation fluids. 
Evaluation of experimental techniques
If the experimental techniques used in previous studies are judged against the above criteria, it is found that none of the studies satisfies all of them. First, most studies either did not report the filtration pressure, or only used a low pressure. In two cases, the filter cake was formed by manually plastering the soil or rock surface with a bentonite paste. Such a technique cannot properly replicate the field process of cake formation, and in particular the effect of time on filter cake thickness. Second, most studies either did not specify the concrete mix or used a cement mortar. This limits the possibility of investigating the effect of surface roughness -an important effect identified by Wates & Knight (1975) and also in this research. Wates & Knight used a concrete mix containing 9 mm coarse aggregate and found that the aggregate particles protruded from the concrete surface, which increased the surface roughness. Finally, fewer than half of the previous investigators cited in Table 1 cast and cured the concrete under an applied pressure. This procedure, termed 'pressure casting' by Cheng & Haberfield (1998) , is essential for the formation of a realistic interface.
In addition to the cake formation procedure and the type of concrete, differences in the test geometry are important. In the review of previous work it was found that all investigations, except for Hu et al.'s study which used a geotechnical centrifuge, either tested model piles in a pullout device or used an interface shear box (Hu et al., 2006) . Although a centrifuge can simulate the soil stresses more realistically, it is not without problems. First, the effective sizes of the bentonite and soil particles are increased by a factor of n, where ng is the centrifugal acceleration. This would result in the formation of a filter cake on a gravel side wall at the prototype scale (fine sand at model scale) but in fact under field conditions a filter cake can only form on the surface of a gravel bed following a rheological blocking process in the pores (Hutchinson et al., 1975; Jefferis, 1992) . Second, in a centrifuge model, it is difficult to use any concrete mix other than a highly plasticised cement mortar to form the model pile, because of the constraints of centrifuge package size and the need to cast the pile in-flight. This limits the potential for modelling the important effect of aggregate protrusion.
The principal advantages of testing scale model piles in a pull-out device are that the geometry can be based on that of real piles, and the boundary stress conditions can be controlled. However, since the hydrostatic pressure in a model drill hole will be limited by the depth of the model hole, the filter cake cannot be formed under a representative pressure unless an external pressurisation device is used. Model piles tested in the laboratory typically suffer from the same size limitations as the centrifuge, and therefore use of a site-type concrete mix is not possible unless the diameter of the model pile is increased to about 150-200 mm. However, if this is done, the size of the surrounding soil bed also needs to be increased, and the assembly can no longer be accommodated in a modified triaxial cell such as the one used by Majano et al. (1994) .
Given the limitations of model pile test methods, it was concluded that the most appropriate equipment for the investigation of interface shearing is a purpose-designed shear box, as only the materials immediately at and adjacent to the interface are modelled. This can readily be done at 1:1 scale, as opposed to testing a whole pile but at a reduced scale. The specimen can therefore be kept reasonably small, while avoiding many of the limitations of the other methods. Therefore, an interface shear box with extended capabilities was designed and used to carry out the research described in this study. Figure 2 shows a photograph of the interface shear box apparatus. In essence, the apparatus developed for this study is a medium-sized shear box, the top half of which can first be filled with pressurised support fluid and then with fresh concrete. The plan internal dimensions are 175 mm by 275 mm, the upper and lower halves of the box are respectively 100 mm and 70 mm high, and the gap between the two halves of the box is adjustable. These dimensions have no particular theoretical basis, but are simply chosen to enable the box to perform the required functions at a reasonable scale with respect to the 20 mm maximum aggregate size in the concrete (a maximum size common for piling concrete). For example, the top half of the box is large enough to act as a fluid reservoir during the filtration stage, and to accommodate a real concrete mix containing coarse aggregate.
INTERFACE SHEAR BOX APPARATUS Basic design and dimensions
As the concrete surface was expected to be rough due to aggregate protrusion, an interface gap height of 20 mm was used for the tests. This was achieved by the use of four steel spacer strips secured between the two halves of the box. The spacers form the middle part of a pressure vessel during the filtration and concreting stages, but can be removed to form the interface gap prior to the shearing stage of the test.
Water saturation and support fluid filtration
Figure 3(a) shows a schematic diagram of the apparatus during the water saturation and support fluid filtration stages. Unlike some previous investigations which used a separate filtration cell to form a filter cake (Tawfiq & Broughton, 1996; Thasnanipan et al., 2003) , the new design with a pressurised slurry box and a filtrate drain allows the filtration stage to take place with the test soil already seated in the lower half of the box. The test soil was first flushed with water with the bottom drainage port open, then flooded with either the bentonite or polymer support fluid (except for the reference water test). The support fluid was then pressurised at the desired pressure. The benefit of this approach is that it reduces the need for sample movement and the potential for soil and filter cake disturbance. Ata & O'Neill (1997 , 2000 employed a similar arrangement but with a short fluid column, which provided only rather limited filtration pressures. The present design with a slurry box supplied with the support fluid by way of a hydraulic accumulator facilitated the use of much higher, more realistic pressures. This loading arrangement was also used by Peña Duarte (2007) to test highly compressible sand-foam mixtures.
Concreting
After the formation of a filter cake, the top of the cell was removed and the remaining fluid was siphoned off. The drainage port at the bottom of the box was left open, but the pipe was connected to an open-topped water reservoir in which the water level was set to match that of the top surface of the soil. This ensured that the soil remained fully saturated, and also allowed free water movement in and out of the soil during the subsequent concrete curing and shearing stages. The concrete, a superplasticised, self-consolidating mix (see Table 2 ), was then placed on top of the filter cake (if any) and then, as described below, cured under an appropriate wet concrete pressure. This procedure simulates field conditions in which the filter cake is formed undisturbed for a period of time but, importantly, is not scoured away by the rising column of wet concrete. It was believed that scouring of the filter cake by rising concrete does occur, but Farmer et al. (1971) and Wates & Knight (1975) found the effect to be negligible to non-existent. The scouring that occurs during tremie casting will depend on the flow regime of the rising concrete (Littlechild & Plumbridge, 1998) and the properties of the filter cake -a material which typically grades from bulk slurry to a tight clay material in contact with the trench wall. Soft slurry may be removed by the rising concrete but stiffer material is likely to persist unless previously removed by the mechanical action of a digging or cleaning tool. 
EFFECTS OF POLYMER AND BENTONITE SUPPORT FLUIDS
Concrete pressurisation and curing Figure 3 (b) is a diagram of the apparatus during the concrete pressurisation and curing stage. As shown, the normal pressure was provided by a hydraulic ram with the capacity to apply up to 800 kPa. This is sufficient to replicate most field situations, as for a 30 m deep fluidsupported excavation the wet concrete pressure should only be about 450 kPa, according to the prediction equation given by Lings et al. (1994) . After the required curing period, the ram pressure could be adjusted to provide the required normal stress for the shearing tests. However, for the tests reported in this study the ram pressure was left unchanged, effectively assuming that the full concrete pressure was 'locked in' after the curing process. In the field, the validity of this assumption will depend, among other factors, on the degree of saturation of the soil surrounding the pile. If the soil is fully saturated, the pile concrete will expand during curing due to water absorption and the contact pressure will increase; the opposite will be true for soil holding little water in the pores . In this study, the concrete was cured inside the box at a constant room temperature of 208C. The curing period was typically 7 days except for one test where the curing period was 3 days.
Shearing
Figure 3(c) is a diagram of the apparatus during the shearing stage. After the specified concrete curing period, the spacers between the top and bottom halves of the box were removed to form the interface gap. Any filter cake that was formed at the interface during the filtration stage could now be seen from the side. For the shearing test the lower half of the box was displaced at a constant rate of 2 mm/ min (0 . 033 mm/s) until a maximum displacement of 15 mm was reached. This shearing rate is similar to that of a typical displacement-controlled (CRP) field test (Institution of Civil Engineers, 2007) . At this rate, coarse-grained soils in the lower box will remain fully drained, but any bentonite filter cake that is present at the interface will be sheared undrained due to its significantly lower permeability (in the order of 10 À10 m/s according to Jefferis, 1992) . It may be noted that Henry et al. (1998) used a shearing rate of 0 . 0025 mm/min for their tests in an effort to ensure complete drainage of both the soil and the filter cake. The present tests could have been carried out at a similar rate, but there would have been a risk of drying of the filter cake as its outer surface was exposed by the removal of the spacers prior to shearing.
TEST CONDITIONS AND MATERIAL PROPERTIES Test conditions
For interface shear tests involving support fluids, no one set of test conditions applies to all cases since the material properties and pressures (pore water, support fluid, wet concrete) are all site specific. For this study, a site at Stratford in East London was used as a representative UK case. This site is located 0 . 5 km south-east of the Stratford International station and bored piles were installed down to 27 m below ground level. The ground conditions consist of 6 . 5 m of made ground, 13 m of Lambeth Clay and at least 14 m of Thanet Sand (Lam et al., 2010a) . The groundwater table in the deep aquifer was reduced to about 30 . 5 m below ground level due to dewatering at the nearby Stratford International station box. The pore-water pressure in the Thanet Sand, over the length of the pile, was therefore zero. The bentonite fluid pressure within the pile bore was hydrostatic and was calculated using a fresh slurry density of 1 . 02 g/cm 3 : The wet concrete pressure was calculated using the method proposed by Lings et al. (1994) , in which the concrete pressure is assumed to have a simple bilinear profile and the point of the transition, known as the critical depth, is taken as one-third of the excavation depth. The average bentonite and concrete pressures for the pile section in the Thanet Sand layer were estimated to be 230 and 360 kPa respectively. These values were used as the filtration and concrete curing pressures in the laboratory tests.
Concrete properties
Details of the concrete mix used for the tests are given in Table 2 . This is an actual piling concrete mix as developed by a UK concrete supplier, containing a superplasticiser and designed to be self-consolidating. The maximum aggregate size is 20 mm, which is typical for high-workability foundation concrete. The target slump of this mix is 175 mm (slump class S4) and the 28-day cube strength is about 50 MPa.
Thanet Sand properties
Samples of Thanet Sand were taken from the East London site. Based on a sieve analysis, the D 10 , D 30 and D 60 particle sizes are 0 . 07, 0 . 1 and 0 . 14 mm respectively. These sizes are fine enough to prevent any deep penetration of the bentonite fluid (Jefferis, 1992 ) but a filter cake will form as the permeability is relatively high (%2 3 10 À5 m/s, determined by the constant head method on recompacted samples) compared with that of a bentonite filter cake (in the order of 10 À10 m/s). The shear strength parameters of the Thanet Sand were determined using both a standard shear box (60 mm 3 60 mm) and the extended interface shear box (175 mm 3 275 mm) working in sand-on-sand mode by filling the upper half with sand instead of concrete. The sand was compacted using a vibrating hammer to a dry density of 1400 AE 25 kg/m 3 : This corresponds to a relative density of 68 AE 7% (the minimum and maximum dry densities of this sand have been determined as 1200 and 1520 kg/m 3 respectively). The peak angle of shearing resistance, ö9 p , was found to be 368 over the stress range of interest. Troughton (1992) also reported the same peak angle on recompacted samples from a site in Canary Wharf. According to Ventouras & Coop (2009) , the ö9 p of undisturbed Thanet Sand can range from 308 to 398 in triaxial tests.
Polymer fluid properties
The polymer used was a synthetic polymer system known as SlurryPro CDP supplied by KB International. First, 1 kg/m 3 of CDP base polymer was mixed at low shear for 45 min with water to which a small amount of potassium hydroxide had been added, which raised the pH to 11. LA-1 thickener at a quantity of 0 . 08 kg/m 3 was then added to improve the viscosity of the fluid further. Other additives such as weighting and fluid loss control agents are available for challenging ground conditions but were not used in this study. The properties of the prepared fluid were determined using the test methods prescribed by the Federation of Piling Specialists (2006) and the results are given in Table 3 . There are currently no commonly accepted compliance values for polymers, so no comparison is made between the properties of bentonite slurry and the polymer fluid, although it may be noted that the polymer fluid did not form a filter cake and had a much higher fluid loss than the bentonite slurry. Discussion of the stabilisation mechanism of polymers, which Lam et al. (2010b) and Jefferis et al. (2011) explain is not by filter cake formation, is beyond the scope of this paper.
Bentonite fluid properties
The bentonite used was a sodium-activated bentonite known as Berkbent 163, a civil engineering grade product supplied by Tolsa UK and commonly used for foundation projects in the UK (e.g. Suckling et al., 2011) . It was mixed with water at 40 kg/m 3 using a 5000 r/min laboratory mixer for 30 min, allowed to hydrate for 24 h, and then briefly remixed before use. The properties of the bentonite slurry were determined using the same methods as for the polymer fluid, and the results are included in Table 3 . It can be seen that its properties fulfil all the requirements of the Institution of Civil Engineers (2007) specification. The thixotropic property of this bentonite slurry can be found in the paper by .
Bentonite filter cake properties
To aid the interpretation of the interface shear test results, the properties of the bentonite filter cake under the simulated field conditions of the East London site were studied. Filter cakes were formed in a standard filter press (American Petroleum Institute, 2003) under the chosen filtration pressure of 230 kPa and then consolidated uniformly under the estimated concrete pressure of 360 kPa. At the end of each stage, the thickness was measured and this was repeated over a range of the filtration times. The results are shown in Fig.  4 . As expected, during the filtration stage, the thickness of the filter cake increased linearly with the square root of time (Nash, 1974) and the thickness reduced significantly when consolidated after the filtration stage. The consolidated cake thickness is of particular relevance to the shear box results.
INTERFACE SHEAR TEST RESULTS AND DISCUSSION
A total of nine interface shear tests were carried out; details are given in Table 4 . The first test was a reference test performed on a water-saturated sample without any support fluid filtration. The remaining eight tests were carried out using either polymer or bentonite fluids under various test conditions. The objectives of the test programme were to investigate: (a) the effects of polymer fluid and of concrete curing time; (b) the effects of bentonite fluid following various filtration times; (c) the effect of concrete aggregate protrusion through bentonite filter cakes. Figure 5 shows the shear stress-displacement curves for Tests 1 to 3 (with water and polymer at two concrete ages) as set out in Table 4 . It can be seen that the three curves have similar peak values, although the water-saturated sample shows somewhat higher initial stiffness due to its slightly higher initial dry density (1425 kg/m 3 ) compared with the other two samples (1389 and 1396 kg/m 3 ). The similar peak values shown by the polymer-saturated samples at the two 
Effect of polymer fluid
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concrete ages (3 and 7 days) are as expected because by 3 days the strength of the concrete (%30 MPa) already greatly exceeds the interface shear stress. However, the findings are contrary to the results of Ata & O'Neill (2000) , who found that samples cured for 7 days had higher shear strengths than those cured for 3 days. They attributed this to polymer fluid initially acting as a lubricant at the soil-cement mortar interface, but subsequently roughening the mortar surface by chemical reaction and causing the failure plane to develop in the sand rather than at the interface. However, as Tests 1 to 3 were carried out using a real piling concrete mix rather than a cement mortar, the surface was rough in all three cases due to aggregate protrusion and hence the failure plane was always in the sand. This explains why there is little difference between the three tests, but a significant difference from those of Ata & O'Neill (2000) . Fig. 6 shows a photograph of the concrete surface exposed after one of the polymer tests. The shear failure surface in the soil can be seen in the bottom half of Fig. 6 . Figure 7 shows the shear stress-displacement curves from Tests 1 (water and piling concrete), 4 to 8 (bentonite and piling concrete) and 9 (bentonite and microconcrete). The curve for a pure consolidated filter cake is also included for comparison. It can be seen that the curve for the watersaturated sample (Test 1) forms the upper bound and the curve for the pure filter cake forms the lower bound, with the remainder plotting between them. It can also be seen that as the filtration time increases, the shearing resistance Note: For all the tests, the sand was compacted to a dry density of 1400 AE 25 kg/m 3 and the Stratford (East London) site conditions were simulated, that is a filtration pressure of 230 kPa and wet concrete pressure of 360 kPa. The normal stress used during the shear test was also maintained at 360 kPa. The shear tests were carried out at a constant displacement rate of 2 mm/min. decreases, and that after 24 h of filtration the resistance approaches that of the filter cake. It is interesting to note that Henry et al. (1998) reported a similar finding but after only 6 h of filtration. This difference is possibly because Henry et al. did not use concrete but a soil-bentonite mix, and thus the effects of aggregate protrusion may have been more limited. Lastly, it can be seen that, for Tests 5 to 8 (3 to 24 h of filtration), the shearing resistance increased again after the initial peak -a behaviour also observed by Arwanitaki et al. (2007) in some of their direct interface shear tests. The post-peak rise seen in this study is believed to be an experimental effect, which is due to the sand resistance being mobilised by the slightly eccentric vertical load at large shear displacements. Had the tests been conducted in ring shear mode, the post-peak rise probably would not have occurred. As it is the initial peak strength that is of interest, the post-peak rise is ignored and the 'true' inferred peak values are marked by crosses on the plot. It is worth noting that Broms & Hill (1973) also found a postpeak rise in the shaft resistance of a step-tapered pile, which was driven into a hole pre-drilled under bentonite slurry, and that no such behaviour was found in a similar pile installed in a hole formed with water. The reason for the post-peak rise in the first pile was probably the resistance of the sand being increasingly mobilised by the upper sections of the tapered pile at large displacements, at which point the shear strength of the filter cake had been overcome and was less significant. Figure 8 summarises the peak shear stress results of Tests 1 to 8. The peak shear stresses of recompacted Thanet Sand and of the filter cake are also shown as upper and lower bounds on the plot. It can be seen that for those samples subject to bentonite filtration, the interface shear strength reduces approximately linearly with the square root of the filtration time. This is because, as previously shown in Fig.  4 , the thickness of the filter cake also increases linearly with the square root of time. The practical implication is that when bentonite fluid is used to support an excavation in granular soils, the rate of filtration and hence the rate of interface strength reduction will be the greatest within the first few hours. The results in Fig. 8 may also explain why Brown (2002) found a pronounced strength reduction for bored piles (drilled shafts) which had only very limited exposure time to bentonite -a finding not expected by Brown at the time.
Effect of bentonite fluid
Comparison of the results in Fig. 8 with field data from various authors, which are plotted in Fig. 9 , provides further support for the reported strength reduction effect. The shaft resistance results of Littlechild & Plumbridge (1998) and Thasnanipan et al. (1998) are presented as ratios of actual to estimated values, whereas those by Ng & Lei (2003) are given as â= N N , where â is ratio of maximum shaft resistance to mean effective vertical stress and N N is the uncorrected mean standard penetration test (SPT) N value. First, it is interesting to see that the two studies in Bangkok (Fig. 9(a) ) give rather different results. Littlechild & Plumbridge found that their results were influenced by both construction time and the Marsh funnel viscosity of the slurry, and hence the slope on the plot was exaggerated as the lowest viscosity (32 s) pile was built in the shortest time (16 h), while the highest viscosity (50 s) pile was built in the longest time (42 h). However, Thasnanipan et al., whose results include a larger data set, did not find any correlation with slurry viscosity; hence the values are not shown on the plot. Nevertheless, it is still worth mentioning that the time required to reach the postulated minimum strength is about 40-60 h in the first two cases (Fig. 9(a) ) and 380 h in the third case ( Fig. 9(b) ), both of them being significantly longer than the 24 h found in the present laboratory tests. This is because during a real excavation the filter cake on the side wall can be removed or made thinner by the scraping action of the digging tool (depending on the bucket and tool design), and hence a longer construction time is required for a similar thickness of bentonite to be deposited. Deliberate side-wall scraping using specifically designed tools prior to concreting can greatly reduce this effect, as noted by Randolph (2003) .
Effect of aggregate protrusion
To investigate the mechanism of strength reduction induced by a bentonite filter cake, the concrete surfaces of Tests 1 and 4 to 8 were examined after the tests. It was found that as the filtration time increased, the filter cake became thicker and fewer aggregate particles were able to penetrate through and make contact with the underlying sand, thus causing the concrete-sand contact area to decrease. To illustrate this, Fig. 10 shows photographs of the samples with 0 . 5, 3, 12 and 24 h of filtration. The concretesand contact area was assessed and is shown, as a fraction of the full area of the box (percentage), in the bottom righthand corner of each photograph.
To confirm the theory about aggregate protrusion, an additional test (No. 9) was carried out using microconcrete, which contained no aggregate larger than 5 mm. The resulting shear stress-displacement curve is shown in Fig. 7 . Comparing this curve with the curve for Test 7 (12 h filtration test for concrete made with 20 mm aggregate) indicates that the protrusion of the larger aggregate particles causes an increase of 63% in the peak interface shear stress. This effect must be purely due to the effect of surface roughness, as there were no other changes to test procedure. A visual examination of the concrete surfaces showed that when microconcrete was used, almost the entire surface was covered by the filter cake. This finding confirms that the development of shearing resistance in this type of 'sandwiched' system is controlled not only by the filter cake thickness but also by the surface roughness of the concrete, which is influenced by the maximum aggregate size in the concrete mix.
To quantify the effect of concrete-sand contact area, the peak strength values of Tests 1 and 4 to 9 were used to back-calculate a fractional concrete-sand contact area, b, using the following equation
(1) which can be rearranged to
where A is full the cross-sectional area of the box, ô is the interface shear stress and subscripts 'm', 'c-s' and 'c-b' denote measured, concrete-to-sand and concrete-to-bentonite respectively. Based on the previous results, ô c-s and ô c-b have been determined as 210 kPa and 38 kPa respectively at the applied consolidation and test pressures. Fig. 11 plots the back-calculated area ratios, b, against the actual assessed ratios. It is interesting to see that the back-calculated values are about twice the actual values, meaning that for each percentage point increase in the concrete-sand contact area, the actual effect is about two percentage points. The proportion of contact area required to achieve the full concrete-tosand strength therefore appears to be only 50%. This is probably because the protruding aggregate not only generates friction but also induces a ploughing action in the sand. When a sufficient amount of protruding aggregate is present, the shear plane will develop entirely in the sand. 
CONCLUSIONS
A series of laboratory tests has been carried out to study the effects of excavation support fluids on the interface shear strength between sand and cast in situ concrete. The main findings are as follows.
(a) The experiments show that, when compared to water, the presence of a polymer support fluid does not have a detrimental effect on the interface shear resistance, regardless of the age of the concrete. Field experience demonstrates that, unlike water, polymer fluids are capable of supporting sandy ground which would be liable to loosen and collapse in a water-filled excavation. This means that while the horizontal configuration of the shear surface is a valid means of testing the effect of polymer on shearing resistance of the sand-concrete interface, it is liable to overestimate the shearing resistance where water is used instead. (b) Increasing the filtration time for bentonite fluid reduces the interface shear strength eventually, after about 24 h in the present experiments, to the shear strength of the filter cake. In a real excavation the interface shear strength will also depend on other factors such as the ground conditions, the properties of the bentonite slurry, the excavation tool used and whether the side wall is deliberately scraped after the completion of excavation and/or prior to cage insertion. It should be noted that in practice it may take a considerable time (typically 2-5 h) for reinforcing cages to be inserted and concreting to be completed, hence even for a scraped side wall a perfect concrete-soil bond should not be expected for a pile formed under bentonite slurry. The strength reduction relationship shown in Fig. 8 might be used to represent the worst-case indicator where little or no side scraping is undertaken or where there is a significant delay between the end of excavation or scraping and the start of concreting. (c) A major implication of the test results is that, when bentonite is used, the degree of strength reduction depends on both the thickness of the consolidated filter cake and the amount of aggregate protruding through the filter cake into the soil. At present none of these effects is explicitly considered in common pile design approaches, although the effect of construction time is acknowledged in some textbooks (e.g. Tomlinson, 2001 ). The laboratory results indicate that only 50% (by area) of concrete-sand contact is required to mobilise the full concrete-sand interface shear strength. This is thought to be due to the ploughing resistance developed by aggregate protruding into the sand.
(d ) In view of the above findings, it would appear that polymer-based support fluids provide an attractive alternative to conventional bentonite slurry, as they do not form a layer of soft filter cake at the pile-soil interface. The effect of different support fluids in silts and clays remains to be investigated. Based on the experience with polymer fluids so far, pile bore stability is usually not a problem provided the fluid is properly maintained on site (e.g. Jefferis & Lam, 2013) . It can be expected that polymer fluids will play a much larger role in the foundation industry in the future as their use continues to increase around the world. (e) Although this paper is focused on maximising the interface shear strength in piles, the findings will have relevance to situations where there is a need to reduce interface shear strength, such as lubrication of pipes in pipe jacking works. (knowledge transfer secondment). The authors would like to thank Mr Bob Sawala for manufacturing the test apparatus and Miss Holly Bower for her participation in the preliminary trials. The materials used in this study were collected from construction sites of Balfour Beatty Ground Engineering with the kind permission of Messrs Tony Suckling and Viv Troughton. Additional polymer materials were provided by KB International courtesy of Messrs Ken and Gif Goodhue.
NOTATION
A cross-sectional area of the interface shear box b calculated fractional area of concrete-sand contact surface D x particle size at which x% of the grains are smaller N uncorrected mean SPT N value n centrifugal acceleration factor ng centrifugal acceleration â ratio of maximum shaft resistance to mean effective vertical stress ä9 interface friction angle ô interface shear strength ô c-b interface shear strength, concrete to bentonite ô c-s interface shear strength, concrete to sand ô m interface shear strength, measured ö9 p peak angle of shearing resistance 
